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X-ray  photoelectron  spectroscopic  (XPS)  investigations  were  carried  out  to study  the  oxidation  states
of CeO2 and  CeO2 supported  Co–Rh  catalysts  during  the  temperature  programmed  stream  reforming
of  ethanol  reaction  (SRE).  Gas  chromatography  also  was  used  to analyze  the  product  composition.  An
initial re-oxidation  of  the  pre-reduced  catalysts  was  observed  by  water  reactant  and  our results  revealed
a  tendency  of  the  oxidized  monometallic  catalysts  to  promote  aldol  condensation-type  reactions.  It was
found that  Rh  enhances  the reduction  of  Co during  the  pretreatment,  and  the  highest  H2 selectivity  was
obtained  with  the  bimetallic  catalyst  in  SRE reaction.  Moreover,  acetone  formation  was  negligible  on  thisteam reforming of ethanol
ydrogen production
obalt–ceria catalyst
hodium promoter
PS
sample.  Enhanced  C C bond  scission  and hydrogen  production  were  detected  from  650  K.  In contrast
to  pure  ethanol  decomposition,  during  the  EtOH  + H2O reaction  minor  but  important  changes  could  be
detected  on the  Ce  3d spectra.  It was  concluded  that  the accumulation  of  strongly  bonded  carbide  species
in  the  case  of  Co/CeO2 catalyst  can contribute  to the decreasing  activity.  This  type  of  carbon  was  absent
in  the  presence  of a  trace amounts  of  Rh,  therefore  the catalyst  was  more  stable.
© 2014  Published  by  Elsevier  B.V.. Introduction
Sustainable development requires new alternative cheap and
enewable sources of energy. Great efforts are currently made
o produce hydrogen, e.g., for fuel cell applications by heteroge-
eously catalyzed processes. This demand inspired studies of the
ehydrogenation of oxygenated hydrocarbons [1–3]. In particular,
he light alcohol ethanol is an important candidate as a chemi-
al hydrogen carrier. Noble metals, especially Rh, are proved to be
xcellent catalysts for the dehydrogenation reaction [4], but their
rices are prohibitively high. As an alternative, the less expensive
ransition metal Co is considered to be a promising catalyst for the
team reforming of ethanol (SRE) [5–10]. In addition, a mixture of
arbon dioxide and methane can serve as a feed for the catalytic
roduction of hydrogen by dry reforming of methane (DRM) [11,12]
here cobalt containing catalysts may  have an important role. Dur-
ng SRE, acidic supports like Al2O3 favor dehydration and thereby
ncrease the tendency for coke formation due to the polymerization
f ethylene [13–15]. However, on ceria (CeO2), which is considered
o be a basic support, dehydration is limited and its redox prop-
rties hinder coke formation [5,16]. The oxygen exchange capacity
∗ Corresponding author. Tel.: +36 62 544803; fax: +36 62 544106.
E-mail address: jkiss@chem.u-szeged.hu (J. Kiss).
ttp://dx.doi.org/10.1016/j.molcata.2014.11.010
381-1169/© 2014 Published by Elsevier B.V.of cerium oxide is associated with its ability to reversibly change
the cerium oxidation states between Ce4+ and Ce3+ [17–19]. All
these observations led to the outstanding attention to the catalytic
properties of Co/ceria system in SRE.
Naturally, the surface properties of the metal and of the oxide
support, and also the metal/oxide interface determine the for-
mation and stability of the intermediates present in the ethanol
transformation processes. It is generally accepted that the primary
step in alcohol activation is the formation of alkoxide [20]. Depend-
ing on the particular metal, dehydrogenation and C C bond scission
lead to the formation of alkoxide, oxametallacycle, aldehyde, acyl
and coke on the surface and mostly H2, CH4, CO, CO2 and aldehyde
in the gas phase [21–30]. Recent studies suggested that Co2+ sites
are the active centers in SRE, and Co0 sites are responsible for coke
formation [29,30], while other authors considered metallic cobalt
to play the key role in SRE [32]. High pressure X-ray photoelec-
tron spectroscopic studies (HPXPS) demonstrated that at a constant
ethanol (without water) pressure of 0.1 mbar the reduction of Ce4+
to Ce3+ increased signiﬁcantly between 320 and 600 K due to a
higher mobility of oxygen or Ce3+ centers at elevated tempera-
tures. No coke formation was observed up to 600 K on CeO2. During
the reaction of ethanol with the Co/CeO2(1 1 1) model catalyst the
amount of Co2+ decreased drastically with increasing temperature,
and at 600 K the majority of Co was metallic; this process was
accompanied by a severe reduction of the ceria [33].
1 Catalysis A: Chemical 397 (2015) 127–133
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Very recently we have found that trace amounts of rhodium
romoter (0.1%) dramatically altered the reaction pathways of SRE
n Co/ceria catalysts. In contrast to Co/ceria, on rhodium con-
aining Co/ceria catalysts acetone was not observed. Addition of
 small amount of Rh as promoter to the Co/CeO2 catalyst, how-
ver, resulted in a signiﬁcant increase in the hydrogen selectivity
34]. These very important ﬁndings motivated us to establish the
xidation state of the catalytically active sites before and after the
atalytic reaction of ethanol + water (SRE) on pure ceria, Co/ceria
nd Rh + Co/ceria catalysts by X-ray photoelectron spectroscopy
XPS).
. Experimental procedure
The catalysts preparation and characterization methods were
etailed elsewhere [34]. The ceria supported Co catalysts were pre-
ared by impregnating the support CeO2 (Alfa Aesar, 43 m2/g) with
he aqueous solution of Co(NO3)2 to yield a nominal metal con-
ent of 2 wt% (0.056 mol%). The impregnated powders were dried at
83 K, calcined at 973 K and pressed to pellets. The Rh–Co bimetallic
amples were prepared by sequential impregnation (impregnation
ith Co ﬁrst, then the same procedure after impregnation with
.1 wt% Rh −0.0017 mol%). After calcined at 973 K the BET surface
reas of the CeO2 support, the 2% Co/CeO2 and of the 0.1% Rh + 2%
o/CeO2 catalysts were 21.5 m2/g, 7.4 m2/g and 7.6 m2/g, respec-
ively, while the average pore sizes were between 14.4 and 12.3 nm,
hich is consistent with a mesoporous material [9,34]. Before the
easurements, fragments of catalyst pellets were oxidized at 673 K
n ﬂowing O2 for 20 min  and reduced at 773 K in ﬂowing H2 for
0 min  in the catalytic reactor.
Catalytic reactions were carried out in a ﬁxed-bed continuous-
ow reactor (200 mm long with 8 mm  i.d.), which was  heated
xternally. The dead volume of the reactor was ﬁlled with quartz
eads. The operating temperature was controlled by a thermocou-
le placed inside the oven close to the reactor wall, to assure precise
emperature measurement. For catalytic studies small fragments
about 1 mm)  of slightly compressed pellets were used. Typically,
he reactor ﬁlling contained 50 mg  of catalyst. In the reacting gas
ixture the ethanol:water molar ratio was 1:3. The ethanol–water
ixture was introduced into an evaporator with the help of an HPLC
ump (Younglin; ﬂow rate: 0.007 ml  liquid/min); the evaporator
as ﬂushed with Ar ﬂow (60 ml/min). Argon was  used as a car-
ier gas (60 ml/min). The reacting gas mixture-containing Ar ﬂow
ntered the reactor through an externally heated tube in order to
void condensation. The space velocity was 72,000 h−1. The sam-
les were heated in the gas mixture from 373 to 773 K at a rate of
 K/min.
The analysis of the products and reactants was performed with
n Agilent 6890 N gas chromatograph using HP-PLOT Q column. The
ases were detected simultaneously by thermal conductivity (TC)
nd ﬂame ionization (FI) detectors. To increase the sensitivity of CO
nd CO2 detection a methanizer was applied before the detectors.
The amount and the reactivity of surface carbon formed in the
atalytic reactions were determined by temperature-programmed
ydrogenation. After performing the reactions of ethanol–water
ixture at 823 K for 120 min  the reactor was ﬂushed with Ar at
he reaction temperature; then the sample was cooled to 373 K,
he Ar ﬂow was changed to H2, and the sample was heated up
o 1173 K with a 10 K/min heating rate. The formed hydrocarbons
ere determined by gas chromatography.
For XPS studies, the powder samples were pressed into pelletsith ca. 1 cm diameter and a few tenth of mm thickness. Sam-
le treatments were carried out in a high-pressure cell (catalytic
hamber) connected to the analysis chamber via a gate valve. The
amples were pre-treated in the same way as described above. AfterFig. 1. Ce 3d spectra before and after SRE reaction on reduced ceria (A) and on 0.1%
Rh  + 2% Co/ceria catalysts.
the pre-treatment, they were cooled down to room temperature in
ﬂowing nitrogen. Then, the high-pressure cell was evacuated; the
sample was  transferred to the analysis chamber in high vacuum
(i.e., without contact to air), where the XP spectra were recorded.
As the next step, the sample was  moved back into the catalytic
chamber, where it was treated with the reacting gas mixture at the
reaction temperature under the same experimental conditions as
used for the catalytic reaction. XP spectra were taken with a SPECS
instrument equipped with a PHOIBOS 150 MCD  9 hemispherical
electron energy analyzer, using Al K radiation (h = 1486.6 eV). The
X-ray gun was operated at 210 W (14 kV, 15 mA). The analyzer was
operated in the FAT mode, with the pass energy set to 20 eV. The
takeoff angle of electrons was 20◦ with respect to surface normal.
Typically ﬁve scans were summed to get a single spectrum. For
data acquisition and evaluation both manufacturer’s (SpecsLab2)
and commercial (CasaXPS, Origin) software were used. The bind-
ing energy scale was  corrected by ﬁxing the Ce 3d u′′′ peak (see
below) to 916.6 eV.
3. Results and discussion
Based on former studies [34,35], it can be concluded that the
oxidized and reduced ceria is not fully inactive either in the
decomposition of ethanol or in the SRE reaction. On  the CeO2
support (without cobalt and rhodium), initially only acetaldehyde
was formed (at 3–5% ethanol conversion), but between 650 and
800 K (where the ethanol conversion was ∼25–30%) the main
product was ethylene besides the less amount of acetone and
CO2.
The Ce 3d spectra of reduced ceria before and after SRE reac-
tion at 773 K are shown in Fig. 1A. Generally, the Ce 3d region of
CeO2 is rather complex, i.e., it is composed of three doublets, (u′′′,
v′′′), (u′′, v′′) and (u, v) corresponding to the emissions from the
spin-orbit split 3d3/2 and 3d5/2 core levels of Ce4+. The three dou-
blets are assigned to different ﬁnal states: u′′′ (916.6 eV) and v′′′
(898.4 eV) are due to a Ce03d94f0 O 2p6 ﬁnal state, u′′ (907.7 eV)
and v′′ (889.0 eV) to a Ce 3d94f1 O 2p5 ﬁnal state, and u (900.9 eV)
and v (882.5 eV) to a Ce 3d94f2 O 2p4 ﬁnal state [36,37]. A minor
reduction of Ce4+ to Ce3+ is best detectable as the small inten-
sity increase of the u′ (903.9 eV) and v′ (885.3 eV) peaks and also
the weaker u0 (899.3 eV) and v0 (880.2 eV) components, which are
characteristic of Ce3+. Interestingly, this spectral feature of ceria did
not change after the reaction with ethanol–water mixture at 773 K
(Fig. 1A). To quantify the amount of Ce3+, the ratio of the integrated
peak areas of Ce3+ spectral contributions to the total Ce 3d spec-
trum, i.e., Ce3+/(Ce3+ + Ce4+) was used. The Ce3+ content was 11%
Cataly
d
i
m
o
t
c
d
s
p
w
a
A
y
t
r
e
e
t
C
d
(
t
c
(
s
2
C
C
C
d
s
r
C
w
r
2
a
a
t
s
a
d
t
r
T
t
r
d
r
r
F
t
o
t
o
FE. Varga et al. / Journal of Molecular 
uring the whole process. This is in contrast with the ethanol–ceria
nteraction without water, where the reduction of Ce4+ to Ce3+ was
ore pronounced between 320 and 600 K due to a higher mobility
f oxygen or Ce3+ centers at elevated temperatures [33]. It seems
hat the dissociation of water in SRE could re-oxidize the Ce3+
enters.
On 2% Co/CeO2 the conversion of the ethanol and the product
istribution in SRE reaction are displayed in Fig. 2A. At low conver-
ion up to 500 K, acetaldehyde and acetone were detected in the gas
hase. From 500 to 700 K, the acetaldehyde selectivity attenuated,
hile the selectivities of H2, ethylene and CO2 increased moder-
tely and the main carbon-containing product still was acetone.
bove 700 K the dominant products were H2, acetaldehyde, eth-
lene, CO2, CO, and methane. The main effect of Co as compared
o the pure CeO2 case was manifested in the medium temperature
ange (650–750 K) as the increased conversion, accompanied by
nhanced selectivities for acetone and H2 at the expense of ethyl-
ne (Fig. 2A). The main reaction route of acetaldehyde formation is
he dehydrogenation of ethoxy species [34]:
2H5O(ads) → CH3CHO(ads) + H(ads) (1)
Acetaldehyde desorbs either as a product or immediately oxi-
izes to surface acetate species by lattice oxygen or by OH groups.
The other reaction path is the formation of acetone
CH3COCH3(g)), which is the dominant product at medium
emperatures in our case. According to the literature data, acetone
an be produced through aldol condensation of acetate (Reaction
2)) or via the reaction of acetyl groups (CH3CO) with methyl
pecies (Reactions (3)–(5)) [5,34,38]:
CH3COO(ads) → CH3COCH3(g) + CO2 + O(ads) (2)
H3CHO(ads) → CH3CO(ads) + H(ads) (3)
H3CO(ads) → CH3(ads) + CO (4)
H3CO(ads) + CH3(ads) → CH3COCH3(g) (5)
At ∼800 K, the conversion and the H2 selectivity transiently
ropped, which was also seen as an increase in the acetaldehyde
electivity. A possible reason is the acetaldehyde desorption and
ecombination/reduction with hydrogen forming ethanol.
H3CHO(a) + 2H(a) → CH3CH2OH(g) (6)
In order to get closer to the clariﬁcation of surface mechanism,
e identiﬁed the oxidation state of cobalt and ceria before and after
eaction at different temperatures. In Fig. 4A we  display some Co
p3/2 photoemissions from the 2% Co/ceria sample. After oxidation
t 673 K the signal from Co2+ appeared at 780.4 eV with the char-
cteristic shake-up satellite at 786.2 eV. After reduction at 773 K,
he peak positions practically did not change, but a smaller reduced
tate was developed (777.8 eV), it means that Co is hardly reducible
t this temperature. After the reduction procedure, some intensity
ecrease was observed. This change may  be attributed to the sin-
ering and some encapsulation of cobalt clusters by support. After
eactions at 473 and 623 K the Co was mainly in oxidized state.
he deconvoluted peaks obtained after reduction and after reac-
ion at 473 K are displayed in Fig. 6A. The satellite peak at 786.2 eV
emained also detectable which also supports the presence of oxi-
ized Co. It is worth mentioning that Co2+ gained intensity after the
eaction at 473 and 623 K which could be explained by some dis-
uption of Co clusters due to strong interaction with the reactants.
ollowing the 773 K post-reaction of Co/ceria the Co 2p3/2 spec-
rum showed a weak shoulder at 777.8 eV due to a slight reduction
f Co2+ (Fig. 4A and 6A). The change in its intensity after the reac-
ion at 773 K may  reﬂect a slight encapsulation by ceria support
r covering by carbon species formed in the catalytic process (see
ig. 7). Sintering or diffusion of cobalt into the bulk also cannot besis A: Chemical 397 (2015) 127–133 129
excluded. After a careful analysis of the Ce 3d spectra of Co/ceria
catalyst (not shown) we may  conclude that the SRE reaction (in
contrast to the decomposition reaction of ethanol without water)
caused only a minor additional reduction in ceria. It should be men-
tioned that using pure ethanol in the interaction with Co/ceria, the
ceria became more and more reduced with increasing reaction tem-
perature [33]. It is very probable that water during the SRE reaction
may  serve sufﬁcient OH groups to re-oxidize the reduced center of
ceria.
The acetaldehyde formation below 600 K and high acetone pro-
duction between 500 and 750 K suggests a propensity of the oxide
phases for aldol condensation-type reactions since our catalyst con-
tains a signiﬁcant number of Co2+ sites and ceria is still oxidized
in this temperature range in the steam reforming (SRE) reaction.
In harmony with the literature data [5] and our recent ﬁndings
the acetone formation may  be attributed to the unreduced, nearly
stoichiometric ceria support [34].
Before turning to the Rh promoted Co/ceria system, we summa-
rize the product distribution and the conversion of ethanol obtained
on ceria supported small amount of Rh without Co (Fig. 2B). On
0.1% Rh/CeO2 initially acetaldehyde and small amounts of CO
and methane were formed, but between 650 and 800 K the main
products were hydrogen, acetone, and CO2. As the Rh surface con-
centration was very low the ethanol conversion was  also low, at
770 K it was not more than 58–60%. The Rh XPS signals obtained
before and after SRE at 473, 623 K and 773 K are displayed in Fig. 4B.
After oxidation the Rh 3d3/2 appeared at 309.2 eV, while the Rh
3d1/2 was detected at 314.0 eV. After reduction at 773 K, the Rh 3d3/2
moved to 307.4 eV. This value is somewhat higher (by 0.3 eV) as
was observed on bulk phase metallic rhodium. This binding energy
difference can be attributed to the small particle size of Rh clus-
ters on ceria. The peak position did not alter after the reaction
(Fig. 4B).
The presence of a small amount of Rh in Co/ceria catalyst
increased the ethanol conversion and basically altered the product
distribution of SRE reaction, signiﬁcantly increased the hydrogen
selectivity (Fig. 2C). The most catalytic and spectroscopic measure-
ments were carried out on 0.1% Rh + 2% Co/CeO2 catalyst. The Co/Rh
atomic ration is 33.0 in this case. On the Rh-promoted Co/CeO2
catalyst, below 550 K the products were acetaldehyde, methane
and CO. Between 600 and 750 K hydrogen, methane, CO, CO2, and
acetaldehyde were detected, and around 800 K (where the ethanol
conversion reaches 90–95%), hydrogen and CO2 were dominant,
but CH4 and CO as well as small amounts of ethylene and acetalde-
hyde were also formed (Fig. 2C). It is worth emphasizing that
acetone was not detected at any temperature on the Rh-promoted
Co/CeO2 catalyst, in spite of the fact that around 700 K it was  the
major hydrocarbon product adsorbed on 2% Co/CeO2 and on 0.1%
Rh/CeO2, and it was  well detectable even on CeO2 at the same
temperature.
To obtain additional information, time-dependent isothermal
measurements were carried out at 723 K. Fig. 3A and B display the
ethanol conversion and hydrogen selectivity as a function of reac-
tion time on different ceria based catalysts. It is clearly seen that
the most efﬁcient was the Rh promoted Co/ceria catalyst. In order
to point out the efﬁciency of the 0.1% Rh promoter, we performed
some experiments with a Rh-free 10% Co/CeO2 catalyst. Fig. 3A and
B clearly demonstrates that the effect of 0.1% Rh on 2% Co/CeO2 is
more signiﬁcant than the increase in Co loading in terms of both
conversion and selectivity.
One of the most important XPS observations is that rhodium
promoted the reduction of cobalt at 773 K. Fig. 5A and 6B show
that in the reduction process the Co 3d3/2 is split up, a new compo-
nent belonging to metallic Co developed as a shoulder at 777.8 eV.
The effect can be explained by the hydrogen spillover phenomenon
[34,39]. The promoting effect of noble metals on the reduction
130 E. Varga et al. / Journal of Molecular Catalysis A: Chemical 397 (2015) 127–133
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(Figs. 5A and 6B). The most intensive peak was  detected for Co ,
and the satellite strengthened at 786.2 eV. The existence of this
satellite indicates that the cobalt oxidation state is mainly +2 at
this temperature range and only a much smaller component couldig. 2. Selectivities as a function of temperature in the ethanol–water steam reform
%  Co/ceria, (B) 0.1% Rh/ceria and (C) 0.1% Rh + 2% Co/ceria catalyst.
f cobalt was observed earlier on alumina supported Co catalyst
12,39,40]. It was assumed that hydrogen reduced the noble metal
rst, was activated on it, and spillover led to the increase of the
educibility of Co [39]. Another explanation can be that in the pres-
nce of noble metal changes of the crystal size resulted higher
educibility. Zhang et al. [41] found by means of XPS and XRD that
 minor amount of Rh can preserve the dispersion of Co on alu-
ina and this way also hinders the deactivation of the catalyst in
ethane dry reforming reaction.
The second important result of the electron spectroscopic mea-
urements is that trace amounts of rhodium signiﬁcantly altered
ig. 3. Conversion of ethanol (A) and selectivity for hydrogen (B) as a function of
eaction time at 723 K on 2% Co/CeO2 (), 10% Co/CeO2 (©), 0.1% Rh + 2% Co/CeO2
), 0.1% Rh/CeO2 () and CeO2 () catalysts.eaction (1:3 ratio) performed with linear heating (3 K/min) from 373 to 800 K. (A)
the oxidation states of cobalt and ceria during the ethanol–water
(SRE) reaction (Figs. 1B, 5A and 6B). Interestingly, after SRE reaction
at 473–623 K, where acetaldehyde, methane and carbon monox-
ide were the dominant products, the cobalt was  re-oxidized
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Fig. 4. Co 2p spectra after ethanol–water steam reforming reaction at different tem-
peratures on 2% Co/ceria catalyst (A) and Rh 3d spectra on 0.1% Rh/ceria catalyst.
The spectra after oxidation and reduction pretreatment are also shown.
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e detected for metallic cobalt (777.8 eV). The signature of Co3+
s a Co 2p3/2 peak at 780–781 eV with no satellite [29,31]. These
bservation evidenced that this re-oxidation occurs through is the
ormation of water-induced Co oxides under reaction condition.
ery recently Lin and co-workers [42] found such kind of process
n a very similar system (supported cobalt/ceria–zirconia catalysts)
nder ethanol steam reforming conditions. When the reaction tem-
erature was increased to 773 K, where the hydrogen production
s dominated, a signiﬁcant fraction of metallic Co appeared again
Fig. 5A and Fig. 6B). Similar re-oxidation and reduction steps were
etected by XRD on Co/ceria during ESR [9]. As it was  expected Rh
emained in reduced state on bimetallic catalyst at any reaction
emperature (Fig. 5B). It is worth mentioning that the reduction
egree of ceria is increased up slightly up to 773 K during reaction.
he Ce3+ concentration after 773 K reaction was  17% (Fig. 1B).
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From our observations we  conclude that the promoter Rh has at
least two different roles in this catalytic system. First, the reduction
of Co (and CeO2) in H2 was much more efﬁcient in the presence
of Rh due to the hydrogen spillover phenomena [34]. Since H2 is
also present as a product, Rh may  also help to keep the cobalt in
the metallic state. On the other hand, Rh promotes the C C bond
scission reaction of ethanol, producing adsorbed CH3 [3,43]. This
is in agreement with the fact that on our Rh-containing samples
the selectivity of methane is higher than on the CeO2 and Co/CeO2
systems. Taking into account these observations, we propose that
Reactions (3) and (4) are the main reaction steps on 0.1% Rh + 2%
Co/CeO2 catalyst, followed by Reactions (5)–(7):
CH3(ads) → C(ads) + H(ads) + H2(g) (7)
CH3(ads) + H(ads) → CH4(g) (8)
2H(ads) → H2(g) (9)
The fact that the bimetallic catalyst was the most active and
selective in hydrogen production and at the same time it contained
the largest fraction of Co in metallic state indicates that metallic
cobalt sites are active in the SRE reaction. The bimetallic catalyst
with ethanol–water mixture represents an interesting redox sys-
tem. There are a Rh assisted cobalt reduction and a reoxidation step
with water. Most likely, both Co2+ and metallic Co play roles in dif-
ferent steps of the SRE reaction. Supposedly, Co2+ is active in the
dehydrogenation of ethanol at low temperatures (aldehyde forma-
tion), while metallic sites are particularly active above 700 K in C C
bond rupture and decarbonylation. The promoting effect of Rh was
mainly rationalized by an increased efﬁciency in C C bond scission
and hydrogen formation on both Rh and metallic Co sites.
The amount and type of carbon formed in catalytic ethanol
steam reforming is an important issue. Surface carbon is a know
reaction product in the decomposition of ethanol [21]. In agreement
with earlier ﬁndings [44], carbon deposits were formed covering
both support and cobalt particles, regardless of the type of sup-
port used. The extent of coke formation and probably its surface
structure depended on the support. In the case of pure ceria, in
harmony with earlier ﬁndings [33,34] the formation of carbona-
ceous species is almost negligible. After 120 min of reaction at
823 K, the amount of deposited carbon on Co/CeO2 was  344 mol/g.
Interestingly, although the Rh-promoted Co/CeO2 showed the
highest and most stable hydrogen selectivity, the amount of surface
carbon, 1135 mol/g, was higher than that on Co/CeO2. Previ-
ous studies suggested that carbon build-up does not necessarily
lead to deactivation [5,45,46]. In order to get more information
about the type of carbonaceous species, we monitored the C 1s
region before and after reaction at 473 and 773 K on Co/ceria
and Rh promoted Co/ceria catalysts. On Co/ceria where the con-
version was  rather low, (473 K), the main C 1s component was
detected at 284.5 eV (Fig. 7A). The intensity of this photoemission
increased with increasing reaction temperature (773 K). Earlier
electron microscopic results obtained on ceria-type supported Co
catalyst revealed two  types of carbon species: either carbonaceous
layer on the surface of the grains, or ﬁlaments [46]. Presumably,
these types of carbon can be detected at 284.5 eV binding energy.
Very likely these types cannot be resolved in our XPS apparatus.
A shoulder at the higher binding energy side at 286.3 eV can be
attributed to chemisorbed ethanol/ethoxide. In harmony with the
DRIFTS results these species are present up to 773 K [34]. The signals
of the other carbon containing intermediates (aldehyde, acetate)
overlap with the broad Ce 4s photoemission detected at 288.8 eV.
Interestingly, at high reaction temperature, at which the conversion
is high (∼90–95%), a new C 1s peak developed at 282.3 eV (Fig. 7A).
We attribute this photoemission to carbide-like species. Carbidic
carbon at low binding energy was  detected after potassium induced
CO dissociation on Co foil [47], and carbidic carbon formation was
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[ig. 7. C 1s spectra with Ce 4s contribution after ethanol–water steam reforming
eaction at different temperatures on 2% Co/ceria (A) and on 0.1% Rh + 2% Co/ceria
atalyst (B). C 1s region after hydrogen pretreatment is also shown in both cases.
bserved with C 1s peak maximum at 282.3 eV on Si(1 0 0) during
he decomposition of Co2(CO)8 [48].
A similar C 1s series is displayed in Fig. 7B for 0.1% Rh + 2%
o/CeO2 catalyst. The carbonaceous layer and ﬁlaments structure
ppeared at 284.5 eV. The species due to C O bond (286.3 eV) was
etected with less intensity, indicating that ethoxide stability is
imited on this surface [34]. It is very remarkable that carbide-like
pecies does not form on this catalyst during ethanol steam reform-
ng. It was pointed out earlier that the decreasing activity is related
o the formation of carbon ﬁlaments [46]. In the light of our results
e may  conclude that the accumulation of strongly bonded car-
ide species in the case of Co/CeO2 catalyst can contribute to the
ecreasing activity. This type of carbon is absent in the presence of
race amounts of Rh, therefore the catalyst was more stable.
. Conclusions
Combined X-ray photoelectron spectroscopic and gas chro-
atographic experiments were carried out to ﬁnd a relationship
etween the efﬁcient H2 production from EtOH + H2O mixture
SRE) and the oxidation state of ceria supported Co–Rh catalysts.
ccording to the results, CeO2 alone also had a slight activity in
he reaction, but on mono- and bimetallic Co–Rh samples the
onversion and H2 selectivity were much higher. Because of the re-
xidation of Ce3+ center by water, we could not follow the reaction
echanism by means of Ce 3d spectra on Co/ceria catalyst. Cobalt
intered during the pre-reaction, but under reaction it disrupted,
nd re-oxidized. In this stage acetone formation was  dominant, so it
an be concluded that oxidized centers are needed for aldol conden-
ation. For 0.1% Rh + 2% Co/ceria rhodium remained in metallic state
fter reduction, and it enhanced the reduction of Co and slightly
nduced the reduction of ceria, too. On heating in EtOH + H2O mix-
ure, Co was being partially reduced and increasing H2 production
ould be detected. At the same time, in the presence of rhodium in
o/ceria catalyst, the acetone formation was hindered. The promot-
ng effect of Rh was mainly rationalized by an increased efﬁciency
n C C bond rupture on both Rh and metallic Co sites. Finally we
an conclude that the Rh promoted Co/CeO2 catalyst is the most
ppropriate for hydrogen production above 700 K in ethanol stream
[
[
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reforming due to its high metal Co content, but Co2+ is also nec-
essary for the low temperature reaction, probably because of its
dehydrogenation activity in which the aldehyde is the main reac-
tion product. In the light of our results we may suggest that the
accumulation of strongly bonded carbide species in the case of
Co/CeO2 catalyst can contribute to the decreasing activity. This type
of carbon is absent in the presence of trace amounts of Rh, therefore
the catalyst was  more stable.
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